absorption spectroscopy." However, although two attempts using laboratory x-ray sources can be found in the literature, 21, 22 no substantiation of their prediction by using modern synchrotron sources was provided until recently. By our detailed RIXS experiments in 2003, 8, 23 finally the basis of LBS-XAFS spectroscopy using RIXS (as well as PFY) spectra was established. The development of LBS-XAFS spectroscopy since then is rather remarkable. 10, 12, 14, 15, [24] [25] [26] [27] In this chapter, in order to outline the LBS-XAFS method, I pick up Kα (2p → 1s) RIXS schematically shown in Fig. 1 as an example, but essentially the same formula is applicable to other RIXS processes. 10 Here, the ground state is the initial state, 1s-excited state (same as the final state of absorption) is the intermediate state, and the hole in the intermediate state is filled by an electron in the 2p state, resulting in the emission of a photon with energy w2 (in atomic unit). This resonant process is described by the well-known Kramers-Heisenberg equation, 3, 6, 7, 12 
where | i〉, | n〉, and | f〉 are the initial, intermediate, and final states of the material system; Ei, En, and Ef are their energies; Γn and Γf are the core hole lifetime broadenings in the intermediate and final state, respectively; and T1 and T2 represent optical transition operators. In terms of the notation in Fig. 2a , the principal part of Eq. (1) is reduced to Eq. (2): 8, 20, 23, 27 ∝ dw. (2) In deriving this equation, the emission process from | n〉 to | f〉 is assumed to be a one-electron transition between core levels, leaving all of the electronic states unchanged, but any other many-body effects can be included. 27 Here, the energy levels are fixed for simplicity.
The integrand of Eq. (2) is the product of three functions having the energy of the excited electron, w, as a common variable: two Lorentzians, f1 centered at w1-Ω1s with a width of 1s (Γ1s) and f2 centered at w1-w2-Ω2p with a width of 2p (Γ2p); the oscillator strength distribution for K absorption is dg1s/dw, where dg1s/dw corresponds to the K-XAFS spectrum in the limit of vanishing lifetime broadenings, i.e., K LBS-XAFS. 8, 23 The three functions can be depicted along the w axis, such as in Fig. 2b . The scattering intensity is determined by their overlap. In RIXS measurements, the incident x-ray energy, w1, is fixed and the scattering intensity (∂ 2 σ/∂w1∂w2) is monitored as a function of the emitted x-ray energy, w2, which is equivalent to sliding f2 along the w axis while keeping f1 and dg1s/dw fixed. 8, 23 On the other hand, in PFY spectroscopy, 5 w1 is scanned and w2 is fixed to be Ω1s -Ω2p, which makes the center of f1 and f2
coincide so as to move both simultaneously in the scan. 23 Hence, the bandwidth of the PFY spectra depends on both Γ1s and Γ2p, although its narrowing can be achieved, since the product of f1 and f2 will be close to that of f2, if Γ1s » Γ2p. A relatively broad, asymmetric, and structured f2 will complicate the interpretation of the PFY spectra, owing to the presence of resonances in both f1 and f2. 16 In fact, this is the case for Dy Lα1, 10 which was utilized in Hämäläinen et al.'s pioneer study. 5 In addition, a drastic change of self-absorption around the absorption peak may distort the PFY spectra. 5, 8, 10 As a method to obtain LBS-XAFS, RIXS spectroscopy has advantages over PFY spectroscopy in addition to the fact that the resolution is limited only by Γ2p. First, by measuring normal fluorescent lines, the f2 shape can be estimated, 8, 10 which makes it possible to deduce dg1s/dw, itself, as shown later. Second, since both the incident energy and the emission energy are below the absorption edge, self-absorption effects are relatively weak. 8, 23 On the other hand, a drawback of the RIXS method (particularly, for radiation-intolerable samples) is that RIXS is generally weak and its measurements are somewhat timeconsuming. All in all, except for very unstable materials, the advantage of the RIXS method far exceeds the disadvantage.
For grasping the essential point of the relation between RIXS and LBS-XAFS, it is helpful to consider an extreme case where the excitation energy is far from resonance (Fig. 2c) . At this off-resonant condition, the center of f1 is away from the absorption edge, and hence the tail of f1 is almost flat in the overlap region. Then, the RIXS spectral shape is determined only by the overlap between dg1s/dw and f2 (or the dg1s/dw convoluted only by f2). The relation can be further simplified 16 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 by approximating f2 as a delta function. Here, the integration in Eq. (2) can be carried out analytically, and RIXS and dg1s/dw have a one-to-one correspondence:
Here, wKα and (dg1s/dw)approx are the Kα emission energy (= Ω1s -Ω2p) and the 'approximate' dg1s/dw, respectively. Equation (3) implies that the cross-section of Kα RIXS is proportional to (dg1s/dw)approx multiplied by a Lorentzian centered at wKα. It is thus possible to directly calculate (dg1s/dw)approx analytically from the experimental RIXS spectra.
As an example, the Kα RIXS spectra of CuO 8, 28 are presented in Fig. 3 . The spectral shape and the intensity change with the excitation energy significantly. Excitation with x-ray energies well above the K-edge energy (∼8986 eV) yields a single band at 8047.8 eV, which is the well-known Cu Kα1 fluorescence line. As the excitation energy is lowered below the K-edge, the main feature corresponding to Kα1 (denoted 'A') is shifted down with its width broadened. By lowering the excitation energy to 8983 eV, a new branch, labeled 'B', appears. Another feature, labeled 'C', is prominent at an excitation energy of around 8980 eV excitation. As the excitation energy is further lowered, the peak energy of 'A' continues to shift to lower energy. At the same time, the scattering intensities decrease monotonously. In contrast to consecutive changes with the excitation energy observed for 'A', branch 'B' is only observable within a small range of the excitation energy, from 8981 to 8984 eV. As the excitation energy is tuned to ∼8980 eV, which is the transition energy from 1s to the vacant 3d, 29 band 'C' is the strongest with the band width being much narrower than the normal Kα1 fluorescence.
In the lower panel of Fig. 4 the RIXS spectra of CuO excited at several excitation energies are plotted. In the upper panel, shown by squares, circles, and triangles, are the (dg1s/dw)approx profiles of CuO analytically derived from some of the RIXS spectra by using Eq. (3). The inset indicates the 1s → 3d transition region on an expanded scale. It is rather striking that, in spite of significant differences in the RIXS spectra employed, the (dg1s/dw)approx values almost overlap with each other.
Although not shown for clarity of the figure, the use of RIXS spectra at other excitation energies produces almost the same result. In the upper panel of Fig. 4 , the conventional XAFS is also plotted. It is clear from a comparison that the features of (dg1s/dw)approx are much more distinct than those in the conventional XAFS, as expected.
In general, of course, f2 is not a delta function (although Γ2p is always much smaller than Γ1s 4 ), and effects of Γ2p must be taken into account in order to correctly deduce dg1s/dw from RIXS. The quality of the RIXS data employed allows us to derive dg1s/dw numerically as follows. 8, 10, 15 First, (dg1s/dw)approx is calculated analytically using Eq. (3). Then, RIXS is simulated from (dg1s/dw)approx using Eq. (2), and compared with the observed spectra over a wide energy range in both excitation and emission.
At first, the agreement is not very good. Subsequently, dg1s/dw is modified so as to reduce any discrepancies, and the procedure is repeated until the observed 17 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 4 Upper panel: the LBS-XAFS, dg1s/dw, numerically obtained as well as 'approximate' LBS-XAFS, (dg1s/dw)approx, analytically obtained from the Kα RIXS spectra of CuO. 8, 28 Conventional XAFS is also shown for a comparison. Lower panel: comparisons of the observed Kα RIXS spectra of CuO (circles) and calculated ones (solid line) by using dg1s/dw at the excitation energies indicated in the figure. spectra and the calculated ones agree with each other. The flow chart of this procedure is illustrated in Fig. 5 . This method is, in principle, the best way to deduce LBS-XAFS within the framework of Eq. (2) . Close agreement between the observed and calculated RIXS spectra not merely means that the dg1s/dw employed are the desired LBS-XAFS, but also supports the validity to apply Eq. (2) to the analysis.
In the upper panel of Fig. 4 , the dg1s/dw (LBS-XAFS) that reproduces the observed RIXS spectra best is shown. It is evident that the features of dg1s/dw are much more distinct than those of (dg1s/dw)approx, demonstrating that the core-hole lifetimes of 2p as well as 1s are removed. In the lower panel, the calculated RIXS profiles from dg1s/dw are compared with experimental spectra. The observed spectra almost exactly coincide with the corresponding ones generated by the single dg1s/dw, in spite of the fact that the RIXS profiles vary enormously with the excitation energy.
Roughly speaking, there are the following relations between the dg1s/dw features and the RIXS peaks. First, the main RIXS feature, which is indicated by 'A' in Figs. 3 and 4, is essentially determined by the profile of the prominent features in dg1s/dw, indicated by 'a' in Fig. 4 . The shape of the low-energy tail of the features, indicated by 'b', determines the RIXS feature 'B'. The discrete 1s → 3d band 'c' at 8980 eV is responsible for the prominent feature 'C' in the RIXS spectra. These correspondences confirm that the complicated behavior of the RIXS spectra can be interpreted as the reflection of the LBS-XAFS profile.
Similar studies have also been carried out with CuCl2, 8 Dy(NO3)3, 10 and Ho2O3, 24 providing detailed information on the pre-edge profile, which is almost invisible in the conventional XAFS. In particular, for the Ho2O3 case, the improvement in the resolution is much more pronounced, and the fine structures in the 2p → 4f quadrupolar transitions have been separated for the first time. 24 The derived structures open up an opportunity to investigate the interaction between electrons in the localized 4f orbitals and those in the broad 5d band more accurately.
By using oriented single crystals, it is possible to observe polarized RIXS and polarized LBS-XAFS (see Fig. 6 ). Figure 7 shows the polarized LBS-XAFS of a famous high-Tc related material, La2CuO4 (LCO). 26 In cuprate perovskites, such as LCO, questions as to the role and importance of the electronic states of the CuO2 plane to superconductivity have attracted much attention. Although polarized Cu K-XAFS has been considered to be useful to examine the electronic states of the CuO2 plane, the conventional experiments do not provide very productive results: e.g. the spectra does not change very much upon Sr-doping, leading to superconductivity, and the expected 18 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 quadrupole transitions are completely hidden. 30, 31 The lower panels of Fig. 7 compare the polarized RIXS spectra of LCO at several excitation energies (which are also marked by arrows in the upper panels). The RIXS spectra exhibit significant dependences on the excitation energy and the polarization. In the upper panels of Fig. 7 the polarized dg1s/dw's that well reproduce the observed RIXS spectra (as indicated in the lower panels) are shown. Again, weak pre-edge structures (1s → 3d quadrupolar transition) are clearly detected. The polarized pre-edge structure has been found to be sensitive to Sr-doping, suggesting a potentiality as a probe for the hybridization of Cu 3d with the O 2p orbital in the CuO2 plane. 26 The clear improvements of the pre-edge structure demonstrated in this chapter are innovating in its usage for determining the valence and the site symmetry as well as studying inner-shell excitations.
LBS Selective XAFS Spectroscopy
RIXS spectroscopy can not only be applied to deduce LBS-XAFS, but also to various kinds of state-selective XAFS by utilizing chemical effects of x-ray emissions. 7, 12 The concept is simple: "measure resonant emissions of the x-ray lines reflecting a specific state." In Fig. 8 the chemical effects in the x-ray emissions of 3d metals and possible selective XAFS are schematically indicated. X-ray emissions accompanied by inner-shell → empty-core transitions (e.g. Kα1,2 (2p → 1s)) show only slight chemical effects. Such emissions are mainly used for deducing, not selective XAFS, but (state-averaged) LBS-XAFS (discussed in the previous chapter). On the other hand, the chemical effects of emissions accompanied by outershell → empty-core transitions (e.g. Kβ1,3 (3p → 1s)) are relatively large. Hence, resonant measurements for such emissions are generally effective in order to observe selective XAFS. Here, spin-selective XAFS and site-selective XAFS are discussed as examples.
3·1 LBS spin-selective XAFS
Spin-selective XAFS spectroscopy is based on the assumption that one can separate the Kβ (3p → 1s) emission spectrum into an internally referenced spin-up part and a spin-down part, 7, 12, 32 and hence one can achieve a local-spin selectivity in the K-XAFS by measuring the emission from either the main (spindown, Kβ1,3) or satellite (spin-up, Kβ′) bands as a function of the incident x-ray energy. Here, 'spin-up' and 'spin-down' mean parallel and anti-parallel to the majority spin in the 3d shell of the absorbing ions. This method gives a direct approach to resolve the spin dependence of excited electronic states of para-, ferro-, and antiferro-magnetic materials. Figure 9a shows a Kβ1,3 (spin-down)-and Kβ′ (spin-up)-emission contour map of MnO, 9, 14 where the abscissa and the ordinate are the excitation and emission energies, respectively. Here, the 1s → 3d band is visible as an island, and the existence of two prominent ridges extending parallel to the abscissa, indicated by broken lines, is unambiguous. The emission energy of each ridge is the same as that of regular Kβ1,3 and Kβ′ emission. In addition, three ridges stretching diagonally, also indicated by broken lines, are also conspicuous.
By traversing the contour map under the constant emission energy condition, one obtains an excitation spectrum for the constant final-state energy, which is equivalent to measuring the PFY spectra, the conventional method to observe spin-selective XAFS. 7, 12, [33] [34] [35] [36] [37] Shown in Fig. 9b are two such excitation spectra obtained along the lines at the Kβ1,3 peak and the Kβ′ peak, which are essentially the same as the spin-selective XAFS reported previously. 33 There, non-vanishing components were noted in the energy region of the 1s → 3d transition, not only in the spin-down selected spectrum, but also in the spin-up one. Since all five 3d-electrons of Mn 2+ in MnO are known to be spin-up, the transition is forbidden from Hund's rule in the latter spectrum. This may cast some doubts on the validity of the underlying assumption concerning the conventional spinselective method. The Kβ RIXS in Fig. 9a can be analyzed in detail by using the Kramers-Heisenberg equation, modified for Kβ emission: 9
where dg1s up /dw and dg1s down /dw are spin-dependent oscillator strength distributions for spin-up and spin-down 1s-electrons, respectively. They correspond to LBS spin-selective K-XAFS profiles. The shape of the Kβ RIXS spectra is also determined by final-state effects, such as the lifetimes and the multiplet structure. In Eq. (4), they are taken into consideration in the functions of f up and f down.
In the lower panel of Fig. 10 , plotted by circles, are Kβ RIXS spectra observed at the indicated excitation energies. Calculated RIXS spectra from the dg1s/dw's in the upper panel by the use of Eq. (4) are also shown by solid lines. The calculated spectra almost completely overlap the observed ones in every spectrum.
The LBS spin-selective XAFS (dg1s up /dw and dg1s down /dw) in Fig. 10 are considerably different from the excitation spectra obtained by monitoring the Kβ′ or the Kβ1,3 in Fig. 9b . It is evident that the 1s → 3d transition is completely missing in the dg1s up /dw, as is expected from Hund's rule. It is immediately understood from Fig. 9a that the non-vanishing intensity apparent in the Kβ′ excitation spectrum is due to the diagonal component, which originates from the main peak of the Kβ1,3 ridge. It should also be mentioned that major features of the obtained dg1s/dw's well correspond to those in the calculated spectra by Soldatov et al. 38 These observations demonstrate that the analyses in terms of Eq. (4) are crucially important for correctly determining the spin-selective XAFS.
By using single crystals, it is also possible to observe polarized LBS spin-selective XAFS. In fact, local spin-ordering in the anti-ferromagnetic as well as the paramagnetic phase has been revealed by polarized LBS spin-selective absorption spectra on a single crystal of LaMnO3 (a parent compound of colossal magneto-resistance materials). 39 Thus far, the spin-selective XAFS method has been mainly applied to Mn compounds. 7, 9, [33] [34] [35] [36] 39 This technique was applied to Fe compounds 32 and Ni ones, 37 too. However, for late 3d metals heavier than Mn, it was theoretically suggested that spin selection by Kβ lines is not easy because of charge-transfer effects. 40 This issue should be seriously examined for wide applications of spin-selective XAFS.
3·2 LBS site-selective XAFS
The possibility of site-selective XAFS basically arises from valence-band → empty-core emissions, including the crossover decay-channels from ligand to metal. 7 By selecting crossover emissions properly, in principle, one can measure the XAFS of only the metal atoms that are neighbors to a particular ligand, the atoms under a particular oxidation state, or both. Siteselective XAFS spectroscopy is expected to open a large range of new experiments, and its usefulness has been well recognized. 7 However, intrinsic low intensities of the crossover emissions have made site-selective experiments extremely difficult. Recently, the intensity problem can be alleviated by improving multi-crystal spectrometers (see chapter 4), and it is now possible to tackle site-selective XAFS measurements.
The lower panel of Fig. 11 shows Kβ2 RIXS spectra of a mixture of GaCl2 (Ga + + Ga 3+ compound) and GaCl3 (Ga 3+ compound). 11, 41 There are two bands, except for the elastic line: one is a prominent peak at an emission energy of 10365 eV, which corresponds to the energy of GaKβ2 (valence → 1s); 42, 43 (dg 1s
the other is at the energy of 10350 eV, which corresponds to the 3d → 1s transition energy. 42 The relative intensities of the Kβ2 versus the 3d → 1s satellite vary with the excitation energy, suggesting that a two-component analysis is required, as in the spin-selective case. Thus, the RIXS spectra have been analyzed by an equation similar to Eq. (4):
Here, dg1s a /dw and dg1s b /dw are the oscillator strength distributions for the GaKβ2 and the satellite, respectively. The two functions, f a and f b , are employed in order to reflect the differences of the final-states of the two lines. In the upper panel dg1s
a /dw and dg1s b /dw, as well as conventional XAFS, are shown. The calculated RIXS spectra from the dg1s/dw's are plotted in the lower panel by solid lines. They fairly well reproduce the observed spectra at all of the excitation energies measured. Slight discrepancies at 10373 eV are possibly due to radiation damage. 11, 41 In the upper panel of Fig. 11 , sharp differences between dg1s a /dw and dg1s b /dw are in the white line part; dg1s a /dw has a sharp peak at 10376 eV, which corresponds to the Ga 3+ white line, whereas dg1s b /dw has double peaks. This result tells us that dg1s a /dw is sensitive to Ga 3+ , and Ga 3+ -selective XAFS can be picked out by choosing the Kβ2 RIXS in Ga + and Ga 3+ mixtures. On the other hand, dg1s b /dw follows the conventional XAFS, which means no site selectivity (where the sharpness of dg1s b /dw is ascribable to the removal of the lifetime-broadening, Γ1s = 1.82 eV). 4 Why the GaKβ2 shows Ga 3+ selectivity can be explained by a simple ionic-crystal picture, as follows. 11, 41 The valence electrons of the Ga chlorides can be considered to be Cl -3p, and hence the Ga Kβ2 is regarded to arise from the crossover transition Cl -3p → Ga 1s. The intensity of such a transition should strongly depend on the interaction between Ga and Cl ions and hence on the bond-lengths between the metal and the ligand. For GaCl2, the Ga 3+ -Cl -length (2.19 Å) is just ∼2/3 of the Ga + -Cl -lengths (3.18 -3.27 Å), and therefore it can be expected that the intensity of the crossover transition of Cl -→ Ga 3+ is much stronger than that of Cl -→ Ga + . Preliminary calculations using DV-Xα 11 and WIEN2k 41 support this interpretation. Thus, these Ga results substantiate the feasibility of the differences in the transition probability to extract siteselective XAFS.
Whereas the state selection of XAFS is attracting the attention of many researchers, and various probes (such as thermoluminescence 44 and capacitance 45 ) are being developed recently, site-selective XAFS spectroscopy has not yet been widely explored. Many more options will be available in the near future, probably in collaboration with theorists.
Possibilities of LBS Selective XAFS Spectroscopy to be Opened up by Multicrystal RIXS Spectrometers
In order to apply LBS selective XAFS spectroscopy for materials of practical importance, the sensitivity of RIXS spectrometers should be further improved. Now, such efforts have been continued throughout the world. [12] [13] [14] [15] 46, 47 As an example, a schematic and a photograph of the multicrystal spectrometer that we recently constructed 15 are shown in Fig. 12 . It is designed to accommodate up to 7 independent pairs of a spherically-bent crystal and a photon-counting detector. Each crystal is aligned in a Johann geometry consisting of the sample as the common source, the analyzer, and the detector on a Rowland circle. The diameter of the Rowland circle is 820 mm. RIXS spectra have been measured by moving the analyzers and the detectors synchronously. The spectrometer was mounted on a computer-controlled X-Z stage for alignments.
An example of LBS-XAFS obtained by the above-mentioned spectrometer is given in Fig. 13 , where plotted are Cu-K LBS-XAFS for the precursors of Cu/ZnO catalysts, highly dispersed CuO nano-particles on ZnO. 15 Here, the existence of CuO 21 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 particles with a size of 25 nm, and less than a few nm, is expected in 30 and 1 mol% samples, respectively. 15 The spectra of the 30 mol% sample are essentially identical to those of bulk CuO (see Fig. 4 ). As is clear from Fig. 13 , the LBS-XAFS spectra show a significant dependence on the Cu concentration. First, the pre-edge peak lies at 8980.2 eV in the 30 mol% sample, while it shifts to 8979.3 eV in the 1 mol% one (see the inset). Second, the band at 8987.7 eV, which is distinct in the 30 mol% sample, becomes obscured with decreasing concentration, and in the 1 mol% sample no separate feature is observed. These results strongly suggest that the local structure around Cu in small nano-particles is fairly different from that in the 25 nm size particles (which are almost the same as that of bulk CuO). Some distortion from the CuO2 plane, or a decrease in the coordination number in surface-exposed species, would be responsible for the difference.
In summary, by a combination of third-generation synchrotron sources and multi-crystal spectrometers, LBS selective XAFS spectra can be obtained for not only standard substances, but also dilute, practically important materials. Experimental techniques have been improving, and hence the applicability is expanding. In fact, metal complexes, 7, 12 metal proteins, 12 and heterogenic catalysts 15 are becoming the subjects of LBS selective XAFS spectroscopy. This novel spectroscopic method is being developed as a unique characterization tool for condensed materials. Many fields, including material and earth science, mineralogy, and bio-inorganic chemistry, are expected to benefit.
